The data rate for visible light communication (VLC) with commercial phosphorescent white light-emitting diodes (LEDs) is very limited because the −3 dB modulationbandwidth of these LEDs is only a few megahertz. To increase the modulation bandwidth, a new, fully integrated driver circuit is proposed in this paper. The integrated circuit chip consists of a pre-emphasis circuit unit, an adjustable remaining carrier-sweep-out circuit, and a power-MOSFET driver. Using this chip, the −3 dB bandwidth of phosphorescent white LED transmitters can be extended from 3 to 80 MHz. The best obtained transceiver baud rate is 112 Mbit/s for a distance of 1.5 m, and the bit-error-ratio is 1.04 × 10 −3 , which meets the data-rate requirement for IEEE 802.3 100BASE-TX. The LED-driver circuit is manufactured in an UMC 0.18 μm CMOS process, and the chip area is 1052 × 762 μm 2 . This driver chip can be used in VLC systems with the following advantages: low cost, low powerconsumption, compatible with standard CMOS technology, and high integration-density.
Introduction
White light-emitting-diodes (LEDs) are increasingly used in a wide range of signaling, display, and illumination applications. The performance of LEDs has been improved dramatically during the past decade. Today, they are capable of bright output, low energy-consumption, low-cost, and they have longer lifetimes. It is predicted that LEDs will gradually replace conventional lighting sources, like incandescent or fluorescent lamps, in the coming decades [1] .
White LEDs can be used for illumination and wireless communication simultaneously, which is ideal for free-space optical wireless communication. Standards that use LED for communication are beginning to evolve, and it is likely that visible-light communication (VLC) will contribute significant data-transmission capacity to future wireless systems. VLC has many advantages, such as high security, immunity to radio frequency interference, worldwide availability, unlicensed bandwidth, and the potential of spatial reuse of modulation bandwidth in adjacent communication cells [2] . Therefore, white LEDs are promising candidates for optical wireless communication-networks, which continues to spawn worldwide research and global standardization-efforts.
However, the phosphor-based white-light LED has a limited modulation-bandwidth (about 3 MHz). This is due to the long response-time of yellow phosphor and large junction capacitance. To increase the bandwidth of phosphor LEDs, several approaches have been proposed: using a blue-filter at the receiver to filter out the slow yellow component [3] , utilizing a pre-emphasis circuit [4] - [6] , multipleresonant equalization circuits [7] and post-equalization circuits [8] , as well as remaining-carriers sweep-out circuits [9] . Spectrally-efficient modulation-techniques were also proposed to increase the data rate, such as carrier-less amplitude and phase (CAP) modulation [10] , [11] , orthogonal frequency division multiplexing (OFDM) modulation [12] , discrete multi-tone (DMT) modulation [13] . However, because of high power-consumption and their large size, designs using printed circuit-boards (PCBs) cannot meet the needs for mobile optical wireless communication (OWC). To reduce both power-consumption and size, several LED drivers, based on integrated circuit processes, have been proposed in recent years. In [14] , Z. Dong et al. first published a fully integrated LED driver design using 180 nm BCD process. A feed-forward equalizer was used to boost the LED bandwidth to 12 MHz. In [9] , T. Kishi et al. proposed a LED driver, which was fabricated by 180 nm complementary metal-oxide-semiconductor (CMOS) process. A maximum error-free bit rate of 51.8 Mbit/s has been achieved by utilizing a positive-channel metal-oxidesemiconductor field-effect transistor (PMOSFET) to sweep out the carriers. In [15] , Y. Lee et al proposed a LED driver-chip fabricated in standard 0.5 μm CMOS technology. It reached an optical modulation bandwidth of 10.9 MHz and an orthogonal frequency division multiplexing (OFDM) modulation data rate of 50 Mbit/s. The studies above have significantly advanced the development of high-speed VLC applications.
In this paper, an integrated high-speed commercial phosphorescent white LED driver chip is proposed. It has a baud rate of 112 Mbit/s for a distance of 1.5 m with a bit-error-ratio (BER) of 1.04 × 10 −3 , and is fabricated in UMC 0.18 μm CMOS process. The integrated circuit chip consists of a pre-emphasis circuit unit, an adjustable remaining-carrier sweep-out circuit and a power MOSFET driver, which will be discussed in more detail in this paper. Fig. 1 shows the schematic of the proposed LED driver circuit. It consists of three parts: pre-emphasis circuit, adjustable remaining-carrier sweep-out circuit, modulation circuit. The pre-emphasis circuit contains two common source amplifiers, whose output impedance is large and drive capability is weak. To enhance the output driving ability, a low output impedance source follower was used.
Principles and Simulation Method

Circuit Principles
Principles of an On-Chip Pre-Emphasis Circuit:
Using a metal-oxide-semiconductor field-effect transistor (MOSFET) small-signal model [16] , the high-frequency equivalent circuit of the first stage pre-emphasis amplifier (a common-source stage with source degeneration) is shown in Fig. 2 . V i n is the DC voltage source, the common-source amplifier is driven by a finite source resistance R 1 , while g m represents the transconductance, C G S is the capacitance between gate and source, C G D is the capacitance between gate and drain, C D B is the capacitance between drain and body, r o represents the channel-length modulation effect, and g mb represents the body effect. For simplification, C G B , C SB , g mb , and r o are considered negligible.
Using Kirchhoff's current-law (KCL), we can get three functions of gate, source, and drain, respectively:
The relationship between V out and V i n , which is the transfer function, can be achieved by simplifying the equations. Using (2), the relationship of V G and V S can be expressed as
Based on (4) and (3), the relationship between V G and V out , V S and V out can be written as
After substituting (5) and (6) for V G and V S in (1), we can get the transfer function Where
Considering the bandwidth of the VLC link is much lower than f T of the 180 nm technology, C D B and C G D can be ignored, and the transfer function is simplified to
Considering (8), we can estimate how the components (R D 1 , R S1 , C S1 , C G S and g m1 ) affect the frequency response and −3 dB bandwidth. It should be note that R D , C S and g m can be adjusted by the circuit designer according to specific frequency-response requirement. In addition, the proposed pre-emphasis circuit has two stages, which provides a much higher degree of freedom to obtain a flatter frequency-response.
Circuit Principles for an Adjustable Remaining-Carrier Sweep-Out Circuit and Power MOS-FET:
Next, the adjustable principle of remaining-carrier sweep-out circuit is described. Considering the LED's light-emission mechanism, a large forward-current produces strong luminescence when the LED is on. However the remaining carriers in the depletion capacitor produce weak luminescence after the LED was switched off or switched to dim. As a result, the LED does not switch from light to dim immediately. Hence, LED-modulation speed is limited by the remaining carriers that remain in the depletion capacitor.
As shown in Fig. 1 and re-printed in Fig. 3(a) , a P-MOSFET (M 5 ) is connected in parallel to the LED. M 5 is switched on, exactly at the edge of time when the LED switches from bright to dim -see Fig. 3(b) . 5 is set, at the moments t 1 , t 2 , t 3 ..., V G 4 falls below V CS , the capacitor C CS begins to charge and V G 5 decreases below V CS . As a result, M 5 switches on. The switch-on time τ of M 5 , which is also the switch-on time for the remaining carrier sweep-out circuit, depends on the RC-time of C CS -see Fig. 3(c) . Utilizing the remaining-carrier sweep-out circuit, the LED response-time becomes shorter. Therefore, the modulation speed of the LED improves.
The two-stage pre-emphasis circuit, together with the adjustable remaining-carrier sweep-out circuit, effectively improves the transmission baud rate of phosphorescent white LEDs. In the following experiment, the performance is investigated.
Simulation Method
It is essential to choose suitable values for the components in an LED driver circuit. For the PCB driver module based on discrete components, good performance depends on a lot of adjusting experiments. The values can be estimated at first but should then be optimized by re-soldered on PCB. Unfortunately, for integrated circuits, optimizing the values after tape-out is almost impossible. Compared with PCB module design, the flexibility of IC design is limited, and the cost of revision is huge. Hence, accurate simulation is crucial. Here, we propose a design method, which we refer to as "simulation with a 2-port S-parameter (S2P file)".
Usually, we utilize the equivalent circuit of LEDs [17] in Fig. 4 (a) for simulations. R S is the equivalent series-resistance of the LED, R P is the equivalent parallel-resistance of the LED, and C P is the equivalent parallel-capacitance of the LED. However, this LED model can only simulate the performance of the transmitter part, not the VLC link.
The simulation setup is shown in Fig. 4(b) . The phosphorescent white LED, free space channel and Hamamatsu C5658 module are regarded as a black box. The S2P file of this black box is substituted in the integrated-circuit simulation software. This way, the frequency response of the VLC system can be simulated accurately. Thanks to the powerful optimization-ability of integratedcircuit design-software, we could find the best frequency-response performance.
The measurement link of the S2P file is shown in Fig. 4(c) . A RF signal source is used as the ac input for the phosphorescent white LED. Furthermore, the output power of the RF signal source is constant, while the frequency of the signal increases step by step. A spectrum analyzer is utilized to detect the output power of the C5658 module. At last, we will obtain the curve for power difference as a function of frequency, which is represented in the S2P file.
Based on the LED driver circuit we proposed, and the S2P file simulation method, the transmission data rate of phosphorescent white LEDs could be improved significantly. Fig. 5(a) shows the micrograph of the LED driver chip. The LED driver we propose was fabricated by UMC 0.18 μr mm standard CMOS process, and the chip area is 1052 × 762 μm 2 . The DC power supply for the chip is 1.8 V. All pads and some large components are marked in the figure.
Experiment and Results
Because of the large current passing through the chip, we used 4 pads for the ground connection. Considering that the main part of the chip current is the LED drive current, we used 2 pads for the LED connection. Due to the large current passing through the modulation MOSFET M 4 , the area of M 4 is larger than other MOSFETs.
The LED driver chip is packaged on a test PCB using bonding wires. The dimensions of the test PCB are 3.8 cm × 4.8 cm. The test PCB is shown in Fig. 5(b) and Fig. 5(c) . The chip capacitors shown in Fig. 5(b) are used to filter off the high-frequency components of the DC power supply. To minimize coupling between transmitter and receiver, the LED is fixed on the rear of the test PCBsee Fig. 5(c) . The measurement of the frequency response is illustrated in Fig. 6 . The experimental setup is shown in Fig. 6(a) . The VLC transmitter consists of an LED driver chip and a commercial phosphorescent white LED (OSRAM LUW W5AM). For the receiver part, a high-speed avalanche photodiode (APD) module (Hamamatsu C5658) with −3 dB cut-off frequency of 1GHz was utilized. We used a network analyzer (Agilent E5062A) to measure the frequency response of the VLC system. Port 1 of the network analyzer was connected to the input of the LED driver chip. The output of APD module was connected to port 2 of the network analyzer.
We define the −3 dB bandwidth as the −3 dB frequency point, where the power of the spectral response decreases by −3 dB compared to its low-frequency reference value. In order to ensure high accuracy of the experiment, we set the response for frequency point at 1 MHz as the lowfrequency reference value for all −3 dB bandwidth measurements in this paper [18] . The experimental results of the frequency response are shown in Fig. 7 . For phosphor-based white LEDs, the modulation speed is limited by the slow response of the phosphorescent component. While the −3 dB bandwidth for white light is only 3 MHz, the −3 dB bandwidth of blue light component is about 10 MHz. As the frequency increases, white light response approaches the blue-light response. The blue filter only suppresses the low frequency response and has only a small effect on the high frequency region.
The red curve in Fig. 7 is the frequency response of the LED driver chip. The magnitude of the output of the LED driver chip changes from 11 dB to 28 dB, for a frequency range from 1 MHz to 80 MHz. The range for the signal amplitude could be more than a 17 dB change. The LED driver can decrease the response in the low-frequency region but increase the amplitude of the signal in the high-frequency region. The slope of the driver circuit's frequency-response curve can be controlled by changing the values of related key components. The shape of the frequency-response curve also depends on the output-power of network analyzer. Because the input power of the LED driver chip determines the operation region of the pre-emphasis amplifiers. The result shown in Fig. 6 was obtained when the output-power of the network analyzer is −30 dBm.
Using the LED driver chip, the −3 dB bandwidth of the phosphorescent white LED could be extended from 3 to 80 MHz, which is shown as a black line in Fig. 7 . The orange curve in Fig. 7 shows the simulation result. The degradation of −3 dB bandwidth from 115 MHz to 80 MHz is mainly caused by the mismatch between LED driver chip and LED. Overall, the new LED driver chip effectively enhances the −3 dB bandwidth of a VLC system.
Next, a measurement of the BER and eye diagrams, as a function of the data rate, is demonstrated. As shown in Fig. 8(a) , a bit error ratio tester (BERT) (Agilent 81250 E4832A) was used to analyze the transmission performance of the LED driver chip. A pseudo random binary sequence (PRBS) non-return to zero on-off keying (NRZ-OOK) data-stream with a peak-to-peak voltage swing of 25 mV was set as input for the LED driver chip. Fig. 9 shows the measured results for the BER and eye diagrams for two different LED driver chips. One of the two chips is the LED driver chip we proposed, the other chip is a LED driver without the remaining-carrier sweep-out circuit. In fact, the only difference between these two chips is the remaining-carrier sweep-out part. The measured data-rate for the LED driver chip with remaining-carrier sweep-out circuit reached 112 Mbit/s, the resulting BER was 1.04 × 10 −3 . 49 Mbit/s of data transmission can be achieved using the LED driver chip without remaining-carrier sweep-out circuit, and the resultant BER is 4.5 × 10 −5 . All BER values are below the FEC limit of 3.8 × 10 −3 . Based on these results, it can be concluded that the combination of pre-emphasis and remaining-carrier sweep-out circuit can improve the data rate of an LED driver.
The setup for the eye-diagram measurement is shown as red dashed line in Fig. 8(a) . The output of BERT is set as the input for the LED driver chip, and the output of the APD module is connected to a wideband oscilloscope (Agilent 86100C). The eye diagrams of the VLC system for 60 Mbit/s, 80 Mbit/s, 90 Mbit/s and 110 Mbit/s are also shown in Fig. 9 . The eye diagram for 110 Mbit/s is clear and open, and the magnitude of the eye diagram is about 180 mV.
The performances of the latest reported LED drivers are summarized in Table 1 . Compared with LED drivers based on PCB, the LED driver chip we designed has low power-consumption, high integration-density, and smaller dimensions. To the best of our knowledge, this is the highest data rate ever achieved by phosphorescent white LED and integrated circuit based VLC systems at common indoor distance.
Conclusions
In this paper, a new high-speed commercial phosphorescent white-light LED driver chip is proposed. With this chip, the −3 dB bandwidth of a VLC transmitter can be extended from 3 MHz to 80 MHz. A baud rate of 112 Mbit/s was successfully achieved for a 1.5 m transmission distance with a BER of 1.04 × 10 −3 . To the best of the authors' knowledge, this is the highest baud rate ever achieved using an integrated-circuit-based white LED communication system for typical indoor distances. The LED driver is realized in standard CMOS process. Compared with other LED drivers, the driver chip has the following advantages: The two-stage pre-emphasis and adjustable remaining-carrier sweep-out circuits offer not only higher bandwidth but also higher freedom for the design, which helps to make the frequency-response-curve flatter. In addition, the simulation method using the 2-port S-parameter is effective for high-speed VLC IC design, and the achieved transceiver baud rate meets the data-rate requirements for IEEE 802.3 100BASE-TX. This gives this chip a wide range of usage scenarios. Last but not least, its low cost, low power-consumption, the compatibility with standard CMOS technology, and high integration-density opens new possibilities for high-speed VLC mobile devices.
